ABSTRACT We studied the dynamical behavior of a mononucleosome under tension using a theoretical model that takes into account the nucleosomal geometry, DNA elasticity, nonspecific DNA-protein binding, and effective repulsion between the two DNA turns. Using a dynamical Monte-Carlo simulation algorithm, we demonstrate that this model shows a behavior that for an appropriate set of parameters is in quantitative agreement with data from micromanipulation experiments on individual nucleosomes. All of the parameters of the model follow from the data obtained from two types of pulling experiments, namely, constant force and constant loading rate ensembles.
INTRODUCTION
The accessibility of a cell to its genes is of vital importance to many essential life processes, such as transcription, replication, and DNA repair. However, eukaryotic DNA is tightly packaged into chromatin, a DNA-protein complex. Stretches of 147 basepairs (bp) of DNA are wrapped in 1 (3/4) turns around octamers of histone proteins along left-handed superhelical wrapping paths. The resulting DNA spools are called nucleosomes (1) . Crystallographic studies (2, 3) reveal that the histone-DNA interactions are localized at 14 binding sites with a 10 bp spacing. The nonspecific attraction between the DNA and the histones competes with the bending cost for wrapping DNA into a nucleosome that results in an effective adsorption energy per binding site just of the order of 1 k B T (4). This allows thermal fluctuations to cause spontaneous partial unwrapping of the nucleosomal DNA from the histone core. Through this breathing mechanism, nucleosomes give temporary access to their DNA (5) . In addition, various active motors, such as transcribing RNA polymerases (6) and chromatin remodelers (7) , apply forces to nucleosomes. Such external forces are expected to have an effect on the nucleosome dynamics.
Single-molecule experiments have shed some light on the mechanisms of such dynamic structures (8) . In a series of optical trap experiments, investigators studied the behavior of strings of nucleosomes under external forces (9) (10) (11) (12) . More recently, it has become even possible to follow the dynamics of a single nucleosome under tension (13, 14) . Such experiments provide a wealth of quantitative information about the dynamic behavior of such a nucleosome: The nucleosomal DNA unravels in two abrupt stages, each corresponding to the opening of half of the wrapped portion. The first turn of the nucleosomal DNA is opened in a reversible manner, whereas the second turn is opened irreversibly on the experimental timescales. The force needed to open the first turn is distributed around 3 pN, and the second turn opens at forces more broadly distributed around~8À9 pN. In a constant-force experiment, the system hops between two different states at a range of forces of2 À3.5 pN and the difference in length of the free DNA between the two states is~18À20 nm, corresponding to the opening of six to seven binding sites. These findings show an all-or-none opening of the nucleosomal DNA, in agreement with previous studies (11, 12) .
Investigators have proposed three main explanations for the observed behavior. The first explanation attributes the different forces needed to open the two turns and the jumpwise opening of the nucleosomal DNA to differences in the energies of the binding sites between the DNA and the histone octamer (11, 15) . The second explanation is based on the model of Kuli c and Schiessel (16) , which showed that force-induced unwrapping of the last DNA turn proceeds via a high-energy transition state in which the DNA close to the entry-exit points is substantially bent. To achieve consistency with earlier breathing experiments (5), it was suggested that the outer DNA turn is effectively adsorbed more weakly than the inner turn as the result of the electrostatic repulsion between the two turns. Third, in a recent study, Sudhanshu et al. (17) refined the model of Kuli c and Schiessel (16) and showed that different conformations of the free DNA arms can explain the discrepancy seen in the opening of the two turns, even in the absence of an effective turn-turn repulsion. Although all of these studies managed to reproduce many experimental features, they did not provide predictions for the full unwrapping and rewrapping dynamics of the nucleosome, e.g., individual time traces of the force in a constant rate of pulling experiment.
MATERIALS AND METHODS
We introduce here a dynamical model based on that of Kuli c and Schiessel (16) to describe the dynamics of the unwrapping and rewrapping of a nucleosome under force at a microscopic level using the energy of the system, Submitted November 30, 2011, and accepted for publication April 10, 2012. kinetic modeling, and Monte Carlo simulation. We consider a nucleosome on a long DNA chain under tension by applying at its ends a force F in the y direction, as schematically shown in Fig. 1 . If it is strong enough, the force unwinds some portion of the nucleosomal DNA from the histone octamer. The spool then responds by changing its orientation U such that the torques on both sides of the nucleosome equilibrate. We refer to the system as being in a state n, when n of the binding sites between the octamer and the DNA are open and thus 14 À n are closed. The opening of each binding site releases a length of DNA equal to a ¼ 10 bp from the nucleosome. The cost of breaking the binding site is partially compensated for by the reduction of the bending energy of that stretch. The two contributions can be combined into an effective adsorption energy per binding site, ε ads , that may depend on the specific site (11, 13, 15) and the external force (18) . One of our goals in this study was to show that identical binding sites are enough to reproduce experimental observations. Therefore, we assume constant energies per binding site. However, we allow for an effective electrostatic repulsion between the two DNA turns (16) that, as we shall see, cannot be neglected. Denoting that DNA-DNA repulsion energy per length by ε es , the energy of the nucleosome at state n reads E nucl ðnÞ ¼ anðε ads þ ε es Qðn À 7ÞÞ. Here QðxÞ is the q-function that is zero for x < 0 and one otherwise. The full adsorption, ε ads þ ε es , is only felt when there is less than one turn left, n R 7.
To derive the total energy of system, we also need to account for the effect of the external force on the free DNA portions. This energy, E DNA ðn; F; UÞ, is the sum of two terms: one for the force-induced DNA bending and one for the energy gained through the release of bound DNA. This results in E DNA ðn; F; UÞ ¼ 8 ffiffiffiffiffiffi AF p ð1 À cos ð4 0 =2ÞÞ À Fða n À DyÞ, as derived by Kuli c and Schiessel (16) . Here A ¼ 40 nm k B T stands for the DNA bending rigidity (13, 19) , where k B T is the thermal energy, 4 0 is the angle between the DNA and the y axis at the exit point from the spool, and an À Dy denotes the changes of the y coordinate of this exit point relative to the initial n ¼ 0 case at each F. 4 0 and Dy depend on the spool orientation U (see Kuli c and Schiessel (16) for explicit details). In conclusion, the total energy of the system at state n is given by
In the following, we do not consider fluctuations in the DNA arms and correspondingly in the spool orientation. These effects (17) become important for forces that are smaller than the typical forces of R2 pN that were studied here and in the corresponding experiments. Therefore, we will study the dynamics of the system in a pure energy landscape and neglect the much smaller entropic effects.
Assuming a one-by-one mechanism for the opening and closing of the binding sites results in a kinetic equation for the system at state n as n#n þ 1, where the forward step (unwrapping of the nucleosomal DNA) and the backward step (rewrapping) occur with rates k uw and k rw , respectively, and n can change between 0 (the fully wrapped nucleosome) and 14 (the completely unwrapped case). After each step, the nucleosome is assumed to instantly adopt its new equilibrium orientation, U eq ðn; FÞ, in which its total energy (Eq. 1) is minimized with respect to the spool orientation U. 
where l F is a load distribution factor that acts as a fitting parameter of the model (20) , and k 0 uw and k 0 rw are the unwrapping and rewrapping rates, respectively, of the binding sites at zero force and are estimated by the detailed balance equation (21):
With these transition rates between different states of the system, we simulate its kinetics, employing the Gillespie algorithm, a dynamic Monte Carlo method (22) . Note that for any n > 0 there is more than one state for the nucleosome, namely, all states with i%n binding sites open from the left end, and those with n À i open from the right end. Because all of these states have the same energy, we lump them together in the above notation; however, in the simulation we explicitly keep track of the individual states. Fig. 2 shows E min ðn; FÞ, the energy of the system (Eq. 1) minimized with respect to the spool orientation U, as a function of n for different applied forces. It can be seen in this figure that even in the absence of high-affinity histone-DNA sections, two barriers start to grow at nz3 and nz10 as the force increases. These barriers reflect n-values where the spool orientation forces the free DNA to bend strongly at the entrance to the nucleosome (16, 17) . The bending energy of these bent portions creates two barriers, leading to a three-state system. This is the origin of the jumpwise opening of the nucleosome under force.
RESULTS
Here we simulate two different situations reflecting experimental setups (13): 1), a constant-loading-rate ensemble; and 2), a constant-force ensemble. In ensemble 1, the force on the DNA ends is increased at a constant rate and the nucleosome unwrapping is observed by measuring the endto-end distance of the DNA. In ensemble 2, the ends of the nucleosomal DNA are held at a constant force and the instantaneous dynamics of the system is monitored via the extension.
Constant-loading-rate ensemble
First we present simulations in which the end-to-end distance of the DNA increases with a constant loading rate r. Fig. 3 shows individual force-extension curves for this simulation with the rate of pulling fixed to the value r ¼ 2:4 pN=s, the value used by Mihardja et al. (13) . As in the experiment (13), we find two abrupt steps during the opening of the nucleosome (black curves) and one step during the rewrapping (gray curves). The length of released DNA at both forward transitions equals~70 bp, reflecting the opening of seven binding sites. The force at which the first transition occurs depends on the values of ε ads and k 0 rw . Various examples that all lead to the experimentally observed rupture force of $ 2:9 À 3 pN (13) are presented in Table 1 . In the following, we use ε ads ¼ 0:78 k B T=nm and k 0 rw ¼ 10 4 s À1 . For this set of values, our model also agrees well with the constant-force measurements discussed below. Fig. 4 shows the rates for hopping from the closed to the half-open state (lower curve) and back (upper curve) as a function of force. The data points are from Mihardja et al. (13) , and the continuous curves are from the model using the load distribution factor as the fitting parameter, leading to l F ¼ 0:6. In Fig. 5 , a comparison of the probability of the first wrap being unraveled as a function of force is presented. It is produced by the cumulative histogram of forces at which the first transition happens. Both the experimental points (13) and the model show the typical behavior of a two-state system.
To have the second transition at F 2 $ 8 À 9 pN for the chosen set of parameters, the value of ε es must equal 0:2 k B T=nm. In Fig. 6 histograms of forces for both transitions are shown (lower plot for ε es ¼ 0 and upper one for ε es ¼ 0:2 k B T=nm). Note that even for ε es ¼ 0 the second transition occurs at a higher force than the first transition, as previously noted (17) . One can achieve F 2 $ 8 À 9 pN also for ε es ¼ 0 by choosing a higher value of ε ads , but then our model does not reproduce other experimental data.
We next study the distribution of tensions for rewrapping. In Fig. 7 , the histogram of the rewrapping forces is depicted. As can be seen from this histogram, the rewrapping forces are distributed around F rw x2:851 pN for ε es ¼ 0:2 k B T=nm, and F rw x2:250:5pN for ε es ¼ 0. The electrostatic repulsion leads a larger rewrapping force and a wider distribution. According to our model, the experimentally determined rewrapping value, 3:652:8 pN, points to the existence of DNA-DNA repulsion, but the statistics are not good enough for us to draw a definite conclusion.
Constant-force ensemble
The energy plots in Fig. 2 show three local energy minima that occur in the system as a force is exerted on it. This suggests the possibility of a hopping dynamics between these minima in a constant-force ensemble. This hopping 1000 1100 1200
Extension (nm) was indeed observed between the fully wrapped and the half-open states (13, 14) , because these two states are divided by a barrier that is small enough to results in rates compatible with experimental timescales. The force at which the system spends approximately equal amounts of time in both states equals F ¼ 2:6 pN (see Fig. 2 a in Mihardja et al. (13)). In Fig. 8 we present time traces predicted by our model for different values of ε ads . The value of k 0 rw is chosen according to Table 1 . We find hopping behavior in the experimental range of applied forces only when we choose the set ε ads ¼ 0:78 k B T=nm and k 0 rw ¼ 10 4 s À1 . In Fig. 9 the probability of the nucleosome to be in the half-open state, n $ 7, is shown as a function of F and ε ads in two cases, ε es ¼ 0 and ε es ¼ 0:2k B T=nm. As can be seen, without turn-turn repulsion the system spends hardly any time in the half-open state. An increase in ε es results in an increasing population of that state, so the model behaves as seen in the experiment (13, 14) . Time traces of the free DNA extension in these two cases at F ¼ 2:1 pN and F ¼ 2:9 pN are shown in Fig. 10 . Assuming ε es ¼ 0:2 k B T=nm, the results are in good agreement with the experimental data (see Fig. 2 a in Mihardja et al. (13)). Ignoring turn-turn repulsion causes the system to jump immediately from the half-open state to the unwrapped state, which does not agree with experimental observations.
DISCUSSION AND CONCLUSIONS
In conclusion, we have introduced a kinetic model that describes the dynamics of DNA wrapping and unwrapping for a single nucleosome under force in excellent agreement with micromanipulation experiments. Our results suggest that to achieve this agreement, one only has to account for the DNA conformational energy, the nonspecific DNAprotein interaction, and an effective repulsion between the two DNA turns.
From a biological point of view, the two-turn spool design of the nucleosome with an effective repulsion between the two turns may be advantageous for two reasons: 1) All of the nucleosomal DNA can be accessed through the spontaneous nucleosome unwrapping from either end of the wrapped portion, but unwrapping of the last turn is difficult because the effective turn-turn repulsion ceases to act.
2) The nucleosome is kinetically protected against transient forces because the spool structure leads to the formation of two kinetic barriers against unwrapping (see Fig. 2 ). It is worthwhile to discuss the values of DNA-DNA repulsion energy per unit length, ε es , that we used in this work. We have shown that assuming ε es ¼ 0:2 k B T=nm gives results that are in good agreement with the experimental data. We note that our estimate is smaller than the value suggested by Kuli c and Schiessel (16) . Those authors deduced a large DNA-DNA repulsion from a comparison of the experiments of Polach and Widom (5) and BrowerToland et al. (11) ; however, their finding may to some extent reflect differences between the experiments in question. The new data on single-nucleosome stretching (13) are much more reliable because they are based on a single experimental setup. They hint at a much smaller DNA-DNA repulsion.
We have neglected the effect of twist in our model. When the nucleosome unwraps one turn, the DNA has to take up one turn. The twist energy has relaxed to about 1 k B T when the twist has been distributed over a length as Lx2p 2 C, where C denotes the DNA twist rigidity. The rotational diffusion time of a cylinder of length L and radius r ¼ 1 nm around its helical axis follows from the rotational drag coefficient of a cylinder around its axis g a ¼ 4phr
2 L, where h is the viscosity of the solvent (23) . Therefore, the required rotational diffusion time of the cylinder is given by t rot xg a =k B T ¼ 4phr 2 L=k B Tx8p 3 hCr 2 =k B T. With k B Tx4:1 pNnm, Cx100 nm, hx10 À3 Pa:s, and rx1 nm, the rotational timescale is found to be t rot x10 À7 s. One can see that this is a very small timescale-so small that the increase in force in the pulling experiment during that time is negligible. Even though several parameters entered our model, we have shown how one can deduce those parameters from micromanipulation data obtained from the constant loading rate and constant-force measurements for fixed experimental conditions. Obviously, when conditions change (e.g., through a change in the ionic conditions), many of the parameters are expected to change as well. A systematic set of experimental measurements for various conditions would allow one to determine the range of conditions in which nucleosomes are able to combine the abovementioned requirements of accessibility and stability. We speculate that physiological conditions lie within that range.
